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ABSTRACT
We propose the rest-frame 2-10 keV photon index, Γ2−10keV, acting as an indicator of the bolometric
correction, Lbol/L2−10keV (where Lbol is the bolometric luminosity and L2−10keV is the rest-frame 2-
10 keV luminosity), in radio-quiet active galactic nuclei (AGNs). Correlations between Γ2−10keV and
both bolometric correction and Eddington ratio are presented, based on simultaneous X-ray, UV,
and optical observations of reverberation -mapped AGNs. These correlations can be compared with
those for high-redshift AGNs to check for any evolutionary effect. Assuming no evolutionary effect
in AGNs’ spectral properties, together with the independent estimates of L2−10keV, the bolometric
correction, Eddington ratio, and black hole (BH) mass can all be estimated from these correlations
for high-redshift AGNs, with the mean uncertainty of a factor of 2-3. If there are independent esti-
mates of BH masses, Γ2−10keV for high-redshift AGNs can be used to determine their true Lbol and
L2−10keV, and in conjunction with the redshift, can be potentially used to place constraints on cos-
mology by comparison with the rest-frame 2-10 keV flux. We find that the true L2−10keV estimated
from Γ2−10keV for the brightest Type I AGNs with z < 1 in the Lockman Hole is generally in agree-
ment with the observed L2−10keV. However, there are still many uncertainties, such as the accurate
determination of the intrinsic Γ2−10keV for distant AGNs and the large uncertainty in the luminosities
obtained, which call for significant further study before “AGN cosmology” can be considered a viable
technique.
Subject headings: sblack hole physics cosmology: observations galaxies: distances and redshifts
X-rays: diffuse background
1. INTRODUCTION
Active galactic nuclei (AGNs) and quasars, as the most
powerful long-lasting celestial bodies, are believed to be
powered by the accretion of gas onto supermassive black
holes (BHs). The cosmological applications of AGNs
have long been explored since they have been detected
reaching the redshift of ∼ 6.4 (Fan et al. 2006). Gunn &
Peterson (1965) proposed, using the Lyα resonance ab-
sorption in the spectra of distant quasars as a probe for
the neutral hydrogen density in the intergalactic medium
at high redshift (see the review by Fan et al. 2006). Bald-
win (1977) proposed the equivalent width of the C iv line
as a luminosity indicator. Since then, many authors stud-
ied the correlations between the equivalent width of emis-
sion lines and the continuum luminosities (e.g., Shang et
al. 2003; Baskin & Laor 2004; Zhou & Wang 2005).
However, these correlations show large scatters with un-
certain slopes. It is difficult for the equivalent width of
emission lines to work as a luminosity indicator.
Although it is difficult to find a simple luminosity in-
dicator for AGNs, one can estimate the true luminosity
of an AGN in a distant independent way. This is in-
triguing since AGNs may potentially become cosmologi-
cal probes. The bolometric luminosity, Lbol, of an AGN
depends on its BH mass, MBH, and Eddington ratio,
m˙E ≡ Lbol/LEdd, where LEdd is the Eddington luminos-
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ity for an AGN’s MBH. It has been found that the rest-
frame 2-10 keV photon index, Γ2−10keV, is an indicator of
m˙E (Lu & Yu 1999; Wang et al. 2004; Kelly et al. 2007;
Zhou et al. 2007; Shemmer et al. 2008, hereafter S08).
If MBH can be estimated from a method which is inde-
pendent of the luminosity, e.g., from the X-ray variabil-
ity amplitude (Zhou et al. 2010) or the stellar velocity
dispersion (Tremaine et al. 2002), the bolometric lumi-
nosity of an AGN can be calculated from Γ2−10keV and
MBH, under the assumption of no evolutionary effect in
AGNs’ spectral properties. If the rest-frame 2-10 keV
luminosity, L2−10keV, can be estimated from Lbol, we
can derive an AGN’s luminosity distance by comparison
with the absorption-corrected 2-10 keV flux. Therefore,
the bolometric correction, κ2−10keV, defined by the ratio
of Lbol to L2−10keV, should also be studied. The previ-
ous work on the spectral energy distributions (SEDs) of
AGNs suggested that the spread of κ2−10keV of individual
AGNs is large (Elvis et al. 1994). It was found that the
optical-to-X-ray SED shape depends on the UV luminos-
ity (e.g., Yuan et al. 1998) and then the dependence of
κ2−10keV on the luminosity is proposed (Marconi et al.
2004). However, Vasudevan & Fabian (2007, hereafter
VF07) found that κ2−10keV is a function of m˙E, with no
clear dependence on luminosity.
Here we propose Γ2−10keV to be an indicator
of κ2−10keV. We calibrate the correlations between
Γ2−10keV/κ2−10keV, and Γ2−10keV/m˙E based on simulta-
neous X-ray, UV, and optical observations of low-redshift
AGNs with reverberation-based MBH (Peterson et al.
2004). These correlations can be used to obtain MBH
(together with the independent luminosity), or the esti-
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mates of an AGN’s true luminosity (together with the
independent MBH). Throughout this Letter, we assume
a cosmology of h0=71 km s
−1 Mpc−1, Ωm = 0.27, and
ΩΛ = 0.73.
2. SAMPLE AND DATA
Simultaneous X-ray, UV and optical observations of 29
low-redshift (z < 0.33) AGNs in Peterson et al.’s (2004)
sample obtained from the XMM-Newton EPIC and OM
instruments have been reduced by Vasudevan & Fabian
(2009, hereafter VF09). The purpose of this work is
studying Γ2−10keV as an indicator of κ2−10keV and m˙E,
but the beaming emission of radio-loud AGNs may affect
the measurements of the intrinsic Γ2−10keV. Therefore,
we remove radio-loud AGNs 3C 120, 3C 390.3, and 3C
273 from this sample. We also remove the quasar PG
1411+442 since this object is heavily obscured. Note
that there are a few other sources in the reverberation-
mapped sample which, although they may not be heavily
absorbed, may have some kind of complex absorption. In
those cases it is difficult to really know what the intrin-
sic Γ2−10keV is for those objects. VF09 used a broken
power-law model to model the 1-8 keV data. This simple
approach cannot model the shape of the hard X-ray con-
tinuum precisely. Since the whole premise of this work
rests on getting good, accurate Γ2−10keV values for this
sample, we take Γ2−10keV from the more detailed fits
available in the literature for the X-ray observations. We
present results from 27 observations of 25 AGNs in Table
1.
Most of objects in Table 1 are included in VF07’s sam-
ple. VF09 compared the shape of the simultaneous SEDs
of AGNs in Table 1 with the non-simultaneous SEDs in
VF07. The values of m˙E and κ2−10keV obtained in VF09
show a similar range to those in VF07. However, m˙E val-
ues in Table 1 on average are a factor of ∼ 0.8 of VF07’s
values due to the generally largerMBH in Peterson et al.
(2004), and κ2−10keV values in Table 1 are on average
∼ 1.38 times larger than VF07’s values.
3. RESULTS
3.1. Photon index and Eddington ratio
We assume that there is a linear correlation, y = α +
βx, with the measurement errors of ǫxi for xi and ǫyi for
yi. It was shown that the Nukers’ estimate is an unbiased
slope estimator for the linear regression (Tremaine et al.
2002). The Nukers’ estimate is based on minimizing:
χ2 ≡
N∑
i=1
(yi − α− βxi)
2
ǫ2yi + β
2ǫ2xi
. (1)
Figure 1(a) shows the correlation between
Γ2−10keV and m˙E for the present sample. The
correlation is significant, with a Spearman’s coefficient
of 0.55. The Spearman’s probability associated with this
coefficient is about 0.3%. We then apply the Nukers’
estimate using the fitexy routine (Press et al. 1992) to
derive the correlation between Γ2−10keV and m˙E,
Γ2−10keV = (0.31± 0.02)logm˙E + (2.11± 0.02). (2)
The minimum χ2 per degree of freedom is 21.8, in-
dicating that either the uncertainties on Γ2−10keV are
underestimated or there is an intrinsic dispersion in the
correlation. To account for the intrinsic dispersion in the
MBH−σ
2
rms relation, we replace ǫyi by (ǫ
2
yi+ǫ
2
0)
1/2, where
ǫ0 represents the intrinsic dispersion; ǫ0 is adjusted so
that the value of χ2 per degree of freedom is unity. This
procedure is preferable if the individual error estimates,
ǫyi, are reliable (Tremaine et al. 2002). Adding an intrin-
sic dispersion of 0.51 dex decreases the value of χ2 per
degree of freedom to unity and gives the best-fit result:
logm˙E = (2.09± 0.58)Γ2−10keV − (4.98± 1.04), (3)
as shown in Figure 1(a).
3.2. Photon Index and Bolometric Correction
Figure 1(b) shows the correlation between
Γ2−10keV and κ2−10keV. A Spearman’s test re-
turns the correlation coefficient of 0.59, corresponding
to the Spearman’s probability of 0.1%. We then apply
the Nukers’ estimate to derive the correlation:
logκ2−10keV = (2.52±0.08)Γ2−10keV− (3.12±0.15). (4)
The minimum χ2 per degree of freedom is 35, indi-
cating that either the uncertainties in κ2−10keV are un-
derestimated, or there is an intrinsic dispersion in the
correlation. We add an intrinsic dispersion of 0.32 dex
to decrease the value of χ2 per degree of freedom to unity,
which gives the best-fit result:
logκ2−10keV = (1.12±0.30)Γ2−10keV−(0.63±0.53), (5)
as shown in Figure 1(b).
4. DISCUSSION
The reverberation-mapped AGNs used here are a sub-
set of AGNs, which are skewed toward moderate luminos-
ity Seyfert 1 galaxies. The bolometric luminosity ranges
from 1042.4 erg s−1 to 1046.5 erg s−1. The Edding-
ton ratio ranges from 0.0004 to 1.13, with a mean value
of ∼ 0.16, and only a few AGNs have low values. This
is roughly in agreement with a large sample of Seyfert
1 galaxies selected from the Sloan Digital Sky Survey
(Figure 12 in Shen et al. 2008).
Equation (2) is in excellent agreement with Equation
(1) in S08, which includes high-luminosity AGNs reach-
ing z ∼ 3.2. This suggests that there is no evidence
for the evolution of AGNs’ spectral properties over cos-
mological time. Many previous studies suggested that
X-ray spectra of high-redshift AGNs (reaching z ∼ 6) re-
main similar properties to those of low-redshift ones (e.g.,
Shemmer et al. 2005). Nevertheless, the spectral band-
pass is affected by the redshift. The 2-10 keV band in
the observed frame will correspond to energies higher by
a factor of (1+z) in the rest frame. Thus, the rest-frame
2-10 keV band should be used for high-redshift AGNs.
The first idea proposed here is that Γ2−10keV can be
used to estimate m˙E and κ2−10keV, which can then be
used along with L2−10keV to get MBH. A similar possi-
bility was discussed in Zhou et al. (2007) and S08. S08
used the luminosity-dependent κ2−10keV in Marconi et al.
(2004). Note that Marconi et al. (2004) used the nonlin-
ear αox − L2500 correlation (e.g., Section 3.3 in S08) to
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work out their κ2−10keV. Here, we use values of Lbol de-
termined from the SEDs given by the simultaneous X-ray,
UV, and optical observations. We find a robust correla-
tion between Γ2−10keV and κ2−10keV. This allows the
direct estimate of κ2−10keV from Γ2−10keV. This signif-
icantly extends the work of S08. S08 also argued that
this approach can give an estimate of both m˙E and
MBH with mean uncertainties within a factor of < 3.
This is in good agreement with the intrinsic dispersion
of correlations derived here. Our best-fitting result of
the Γ2−10keV−m˙E correlation, Equation (3), is different
from Equation (2) in S08. We tend to use our result since
the correlation based on reverberation mapped AGNs is
more robust.
The second idea proposed here is that Γ2−10keV can
be used, along with an independent measure of MBH, to
give Lbol and L2−10keV. Note that Lbol = m˙E × LEdd,
where LEdd = 1.26 × 10
38MBH erg s
−1. Provided the
intrinsic Γ2−10keV is known accurately enough from
good quality X-ray data, one can readily get Lbol from
Γ2−10keV and MBH. One can also estimate κ2−10keV
from Γ2−10keV based on our Equation (5). This allows
the direct calculation of L2−10keV by using the Equation
of L2−10keV = Lbol/κ2−10keV. Provided the absorption-
corrected rest-frame 2-10 keV flux can be obtained ac-
curately, the luminosity distance can be determined and
the AGN becomes a potential cosmological probe.
Figure 2 shows the true L2−10keV (open circle) esti-
mated from Γ2−10keV and MBH, compared with the ob-
served L2−10keV (filled circle) calculated from the X-ray
flux for the brightest Type I AGNs with z < 1 taken
from XMM-Newton observations of the Lockman Hole
(Mateos et al. 2005). The true L2−10keV is generally
in agreement with the observed L2−10keV, with a no-
table outlier of RDS 426A. This object is very heavily
absorbed, with a column density of hydrogen of 1022.09
cm−2 (Mateos et al. 2005). MBH is derived from the em-
pirical virial correlation using the Hβ or Mg ii line and
the optical luminosity available in Lehmann et al. (2001).
The MBH estimates mainly depend on the emission-line
width, and weakly on the optical continuum luminosity.
The second idea requires that MBH should be measured
from the method independent of the luminosity. The
stellar velocity dispersion, σ∗, is an MBH estimator in-
dependent of luminosity. However, it is difficult to mea-
sure σ∗ for high-redshift AGNs. Furthermore, there was
some evidence for the evolution of the MBH − σ∗ cor-
relation reaching z ∼ 2 (Trakhtenbrot & Netzer 2010,
and the references therein). Recently, Zhou et al. (2010)
suggested that the X-ray variability amplitude (so-called
excess variance; Nandra et al. 1997) can act as an indi-
cator of MBH. It is also difficult to obtain high-quality
X-ray light curves to validate this technique at high red-
shift.
If there are independent estimates of MBH in the fu-
ture, correlations presented here can also be used to es-
timate the true luminosity of high-redshift AGNs, which
will enable them to be used in a similar way that Type
Ia supernovae have been previously used for cosmology
applications. AGNs are so ubiquitous in deep X-ray sur-
veys, that their numbers provide significant potential for
such work. However, since this method rests on the ac-
curate determination of the intrinsic Γ2−10keV to get
m˙E and κ2−10keV, it will be difficult to get the intrinsic
Γ2−10keV for high-redshift AGNs. For example, in the
Chandra Deep Fields, only simple hardness ratios can be
calculated for many of AGNs, and the steep ratios seen
for many of these AGNs indicate that many of them could
be heavily absorbed, making it difficult to obtain the in-
trinsic Γ2−10keV (Alexander et al. 2003). It is expected
that the future International X-ray Observatory, or any
other future instruments, will really offer the capabilities
to determine Γ2−10keV sufficiently accurately at higher
redshift.
Provided the accurate Γ2−10keV for high-redshift
AGNs can be obtained, the issue still remains that an
AGN’s luminosity varies significantly over even short
timescales. The correlations presented here can be used
for the luminosity estimates, but the uncertainty inherent
in these correlations would be just as big as a stumbling
block to doing cosmology. Assuming that the error of
MBH is 0.3 dex, assuming Γ2−10keV comes with an er-
ror of ±0.2, the error of luminosity estimates from these
correlations is ∼ 0.37. This is just the lower limit of
actual one due to the X-ray variability, since the X-ray
flux-Γ2−10keV correlation exhibits an inverted behaviour
for an AGN (Figure 9 in Ponti et al. 2006). The error
ofMBH may be underestimated for high-redshift objects.
This further enlarges the uncertainty in the luminosity
obtained. Therefore, it is difficult to give useful con-
straints on cosmology with the AGN data. The refined
versions of the correlations would need to be produced
in future with cleaner objects.
5. CONCLUSIONS
Correlations between hard X-ray photon index and
both bolometric correction and Eddington ratio are pre-
sented, based on simultaneous X-ray, UV, and optical ob-
servations of radio-quiet AGNs with reverberation-based
BH masses. We thus propose X-ray photon index act-
ing as an indicator of bolometric correction. Assuming
no evolutionary effect of AGNs’ spectral properties, to-
gether with the X-ray luminosity, the bolometric correc-
tion, Eddington ratio, and BH mass can all be estimated
from these correlations for the high-redshift AGNs, with
the mean uncertainty within a factor of 2-3.
With the BH mass known to be independent of the
luminosity, the true luminosity of an AGN can be calcu-
lated from its X-ray photon index based on the correla-
tions presented here. We find that the true X-ray lumi-
nosity estimated from the photon index for the brightest
Type I AGNs with z < 1 in the Lockman Hole is gen-
erally in agreement with the observed X-ray luminosity.
However, the errors of AGNs’ luminosity estimates de-
pend on the various uncertainties in the X-ray spectra,
variability, and some unknown systematic effects in the
distant BH mass estimates, which is too much to get an
accurate estimate of the cosmology.
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Fig. 1.— Panel (a): Correlation between Γ2−10keV and m˙E. The dotted line denotes the best fitting result of Equation (3); Panel (b):
Correlation between Γ2−10keV and κ2−10keV . The dotted line denotes the best fitting result of Equation (5).
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Fig. 2.— True L2−10keV (open circle) estimated from Γ2−10keV andMBH, compared with the observed L2−10keV (filled circle) calculated
from the X-ray flux for the brightest Type I AGNs with z < 1 taken from XMM-Newton observations of the Lockman Hole. The true
L2−10keV is generally in agreement with the observed L2−10keV . MBH is derived from the empirical virial correlation, which mainly
depends on the emission-line width and weakly on the continuum luminosity.
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Table 1. Low-redshift radio-quiet AGNs with reverberation-based mass
Name MBH Γ2−10keV LX Lbol m˙E κ2−10keV LX/LEdd ref.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Mrk 335 14.2±3.7 2.29± 0.02 43.3 45.3 1.13 102+4
−4
−1.95 1
PG 0052+251 369 ± 76 1.81± 0.04 44.6 45.8 0.148 19.5+0.7
−0.6
−2.07 2
F9 255±56 1.80± 0.02 43.8 44.8 0.0186 10.5+0.8
−0.8
−2.71 3
Mrk 590 47.5±7.4 1.66± 0.03 43.0 43.8 0.0104 7.0+0.2
−0.2
−2.68 4
Akn 120 150 ± 19 2.01± 0.06 43.9 45.3 0.111 25.0+0.2
−0.3
−2.38 5
Mrk 79 52.4 ± 14.4 1.85± 0.04 43.3 44.3 0.0309 10.5+1.0
−0.9
−2.52 6
PG 0844+349 92.4 ± 38.1 2.11± 0.05 43.6 45.4 0.233 72+8
−8
−2.47 7
Mrk 110 25.1 ± 6.1 1.79± 0.01 43.9 45.1 0.433 18.4+0.1
−0.1
−1.60 8
PG 0953+414 276 ± 59 2.12± 0.03 44.7 46.5 0.892 71+2
−2
−1.84 9
NGC 3227 (1) 42.2 ± 21.4 1.57± 0.03 42.1 42.9 0.00151 7.02+0.05
−0.05
−3.63 10
NGC 3227 (2) 42.2 ± 21.4 1.52± 0.01 41.5 42.4 0.000447 8.0+0.1
−0.1
−4.23 11
NGC 3516 42.7 ± 14.6 1.80± 0.02 42.3 43.5 0.00612 15.32+0.10
−0.10
−3.43 4
NGC 3783 29.8 ± 5.4 1.73± 0.01 42.9 44.1 0.0363 17.3+0.2
−0.2
−2.67 12
NGC 4051 (1) 1.91 ± 0.78 1.90± 0.02 40.8 42.6 0.0164 67+4
−3
−3.58 13
NGC 4051 (2) 1.91 ± 0.78 1.24± 0.04 41.4 42.6 0.0151 15.1+0.2
−0.1
−2.98 13
NGC 4151 13.3 ± 4.6 1.65± 0.03 42.8 44.0 0.0558 15.64+0.08
−0.08
−2.42 4
PG 1211+143 146 ± 44 1.99± 0.06 43.2 45.7 0.260 340+80
−60
−3.06 14
PG 1229+204 73.2 ± 35.2 1.97± 0.04 43.4 44.9 0.0823 31+2
−2
−2.56 2
NGC 4593 9.8± 2.1 1.83± 0.02 42.8 43.7 0.0369 7.7+0.1
−0.1
−2.03 15
PG 1307+085 440 ± 123 1.50± 0.04 44.0 45.6 0.0659 35+1
−1
−2.74 9
Mrk 279 34.9 ± 9.2 1.86± 0.02 43.6 45.0 0.210 21.7+0.3
−0.3
−2.04 4
NGC 5548 49.4 ± 7.7 1.68± 0.03 43.3 44.3 0.0236 10.1+0.1
−0.1
−2.49 4
PG 1426+015 886 ± 187 1.99± 0.04 44.1 45.6 0.0243 30+40
−10
−2.95 16
PG 1613+658 279 ± 129 1.80± 0.07 44.1 45.9 0.221 67+20
−10
−2.45 9
Mrk 509 143 ± 12 1.72± 0.02 44.0 45.2 0.0951 16.20+0.10
−0.09
−2.26 17
PG 2130+099 38 ± 15 1.65± 0.03 43.5 45.0 0.0179 35+1
−1
−2.18 18
NGC 7469 12.2 ± 1.4 1.75± 0.01 43.2 44.8 0.369 42+1
−1
−1.99 19
(1) Object name. (2) Black hole mass, in units of 106M⊙, taken from Peterson et al. (2004), except for NGC 4593 (Denney et al. 2006)
and PG 2130+099 (Grier et al. 2008). (3) Rest-frame 2-10 keV photon index. (4) Rest-frame 2-10 keV luminosity. (5) Bolometric
luminosity. (6) Eddington ratio, m˙E ≡ Lbol/LEdd. (7) Bolometric correction, κ2−10keV ≡ Lbol/L2−10keV . (8) Ratio of rest-frame 2− 10
keV luminosity to the Eddington luminosity. (9) Reference for the X-ray observation. (1) Gondoin et al. (2002); (2) D’Ammando et al.
(2008); (3) Gondoin et al. (2001); (4) Zhou & Zhang (2010); (5) Vaughan et al. (2004); (6) Gallo et al. (2005); (7) Brinkmann et al.
(2003); (8) Dasgupta & Rao (2006); (9) Piconcelli et al. (2005); (10) Markowitz et al. (2009); (11) Gondoin et al. (2003); (12) Reeves et
al. (2004); (13) Ponti et al. (2006); (14) Reeves et al. (2005); (15) Steenbrugge et al. (2003); (16) Page et al. (2004); (17) Ponti et al.
(2009); (18) Inoue et al. (2007); (19) Blustin et al. (2003).
